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ABSTRACT 



Aims. We study the transition region (TR) properties above sunspots and the surrounding plage regions, by analyzing several sunspot 
reference spectra obtained by the SUMER (Solar Ultraviolet Measurements of Emitted Radiation) instrument in March 1999 and 
November 2006. 

Methods. We compare the SUMER spectra observed in the umbra, penumbra, plage, and sunspot plume regions. The hydrogen Lyman 
line profiles averaged in each of the four regions are presented. For the sunspot observed in 2006, the electron densities, differential 
emission measure (DEM), and filling factors of the TR plasma in the four regions are also investigated. 

Results. The self-reversals of the hydrogen Lyman line profiles are almost absent in sunspots at different locations (at heliocentric 
angles of up to 49°) on the solar disk. In the sunspot plume, the Lyman lines are also not reversed, whilst the lower Lyman line profiles 
observed in the plage region are obviously reversed, a phenomenon found also in the normal quiet Sun. The TR densities of the umbra 
and plume are similar and one order of magnitude lower than those of the plage and penumbra. The DEM curve of the sunspot plume 
exhibits a peak centered at log(r/K) ~ 5.45, which exceeds the DEM of other regions by one to two orders of magnitude at these 
temperatures. We also find that more than 100 lines, which are very weak or not observed anywhere else on the Sun, are well observed 
by SUMER in the sunspot, especially in the sunspot plume. 

Conclusions. We suggest that the TR above sunspots is higher and probably more extended, and that the opacity of the hydrogen 
lines is much lower above sunspots, compared to the TR above plage regions. Our result indicates that the enhanced TR emission of 
the sunspot plume is probably caused by a large filling factor. The strongly enhanced emission at TR temperatures and the reduced 
continuum ensure that many normally weak TR lines are clearly distinctive in the spectra of sunspot plumes. 
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1. Introduction 

The solar transition region (TR, between ~ lO'* K and 10^ K) 
is the interface between the chromosphere and corona, where 
the temperature and density change dramatically. Most of the 
TR emission occurs in the V UV (vacuum ultraviole t) range of 
the electromagnetic radiation (IWilhelmet al.L |2007|) . Thus, ul- 
traviolet emission lines can provide ample information about the 
magnetic structures and plasma properties of the TR. 

Earlier ultraviolet observations such as those made by 
the Naval Research Laboratory (NRL) S082-B EUV spectro- 
graph onboard the Skylab space station (Bartoe et al., 1977), 
and NRL High-Resolution Telescope Spectrograph ( HRTS) 



cantly our understanding of the TR structures and dynami cs. For 
a revie w of these recent progresses, we refer to .Wilhelm et al.l 
(I2007h . 
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flown on some rock e ts and Spacelab2 (IBrueckner et al.L 11977 



198^, provided 



IBrueckner & Bartoel 119831; IBrueckner etaU 
much valuable information about the TR. These earlier results 
were reviewed by Mariska ( 1992). 

Our knowledge of the TR has been enhanced greatly 
since the SUMER (Solar Ultrav iolet M e asurem ents of Emitted 
Radiation) instrument ( Wilheli n et al.L 119951 : [Lemaire et al., 
[1997 ) onboard SOHO (Solar and Heliospheric Observatory) be- 
gan to observe in 1996. Because of its high spectral, spatial, and 
temporal resolutions, and the wide wavelength coverage, many 
more TR line profiles than in the past were obtained, identified, 
and used in intensive studies (Curdt et al., 2001, 2004). In ad- 
dition, the CDS (Cor onal Diagnostic Spectrometer) instrument 
dHarrison et al l ll995h onboard SOHO has also increased signifi- 



iGabriell (Il976h proposed a magnetic network model, in 
which the TR emission originates in funnels diverging with 
heig ht from the underly ing supergranular boundary. A decade 
later, iDowdv et alj ( 1198 6) proposed a modified model in which 
only a fraction of the network flux opens, in the shape of fun- 
nels, into the corona, while the remainder of the network is oc- 
cupied by a population of low-lying loop s with length s less than 
10 Mm. Based on SUMER observations. lPeteil (l200ll) suggested 
a new picture for the structure of the TR, in which the funnels 
are either connected to the solar wind or just the legs of large 
loops. 

All the models mentioned above refer to the average struc- 
tures in the TR. However, the solar atmosphere is very inho- 
mogeneous and characterized by different large and small-scale 
structures. Moreover, studies have shown that the TR is not ther- 
mally stratified but strongly nonuniform and magnetically struc- 
tured (iFeldmanl [19831 1 1 9871: iMarsch et al.L 12006). The SUMER 
instrument is well suited to study the difference in TR structures 
in different regions of the Sun. By combing the technique of 
magnetic field extrapolation with SUMER observations, it has 
been found that the TR in coro nal holes is highe r and more 
extend ed than in the quiet Sun ( ITu et al.L bOOSaR iTian et all 
l2008al[b[) . 
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An active region is an area with an especially strong mag- 
netic field, where sunspots and plages are frequently formed. 
Our current empirical knowledg e and p h ysical understanding 
of sunspots were reviewed by ISolankil (i2003b . The sunspot 
spectra obtained b y SUMER reveal some distinct properties 
jCurdt et all l200ll) . For instance, some spectral lines which are 
not observed in other areas of the Sun stick out in the sunspot 
spectra. Moreover, in contrast to the quiet Sun, the hydrogen 
Lyman line profiles in the sunspot are not reversed. Until now, 
little has been done to understand these phenomena. 

Spectral lines with formation temperatures between ~ 10'' K 
and lO*" K (upper-TR) often have significan tly enhanced i ntensi - 
ties at locations overlying sunspot umbrae (iFoukal et al. ,|1974|). 
These features are usually termed sunspot plumes ( Foukali 
Il976 f). A sunspot plume usually has one end point anchored in 
the umbra and the other can reach far from the sunspot. It is re- 
garded as nothing more than the com mon footpoints of several 
active region loops dPammasch et al.L .2008 ). Although sunspot 
plumes have been studied extensively, the reason why the plume 
emission is so prominent at upper-TR temperatures is still un- 
known. 

Some work has been done to study the plasma proper- 
ties of sunspot plumes. The electron density, log( A^e/cm~-^), of 
the TR plasma in sunspot plum es is about 10 (iDovle et al.L 
119851: iDovle & Ma diarska. ' 2003h . The sunspot plumes seem to 
be associated w ith downfl ows of TR plasma (Foukal, 1976; 
Brvnildsen et al., 2001; M arsch et all (20041: iBrosius & Landl 
2005; .Dammasch et al., ,2001 " The emission measure (EM) 



curve based on S-055 spectra of sunspot p lumes revealed tw o 
peaks at log (T/K)-5.6 and 6.1, respectively (iNoves et al.Lll985l) . 
while a more recent study showed that the plume's differen- 
tial emission measure ( DEM) exhibited only on e peak centered 
at log('r/K)=5.6 or 5.8 dBrosius & Landil 12005 ). More work is 
needed to compare the properties of sunspot plumes and other 
regions. 

In this paper, we present a more complete analysis, by an- 
alyzing more sunspot spectra obtained with SUMER at differ- 
ent locations of the Sun , and compare the Lyman line (of main 
quantum number n higher than 2) profiles, electron densities, 
DEM curves, and filling factors of the sunspot plume, umbra, 
penumbra, and the surrounding plage regions. Our results have 
important physical conclusions for the TR properties above the 
sunspot and the surrounding plage region. 

2. Observation and data reduction 

We selected five reference spectra of two sunspots observed by 
SUMER. One sunspot was observed at different locations of the 
solar disk during March 16-19, 1999. The reference spectrum of 
the other sunspot was obtained between 23:58 on November 13 
and 02:52 of the next day in 2006. The observational details are 
listed in Table [1] The pointing in x and y is given in arcseconds 
and refers to the slit center at the central time of the observation. 
9 is the heliocentric angle. 

The standard procedures for correcting the SUMER data 
were applied, including local-gain correction, dead-time correc- 
tion, flat-field correction, and image d estretching. 

In the earlier work of ICurdt et all (i2000i) . the 1999 sunspot 
was analyzed. However, only the reference spectrum obtained on 
March 18 was used. This spectrum was also used to produce the 
sunspot atlas, and both the context image and slit position can be 
found in Curdt et al. (2001). Here we extend the earlier work by 
analyzing four reference spectra of this sunspot obtained at dif- 
ferent solar locations. Because of the solar rotation, this sunspot 



rotated from the central meridian towards the limb, and its helio- 
centric angle increases from 22° to 49°. Thus, we can study the 
center to limb variation in the Lyman line profiles of the sunspot, 
as shown in Fig.[T] 

The sunspot observed in 2006 was large in size, and several 
reference spectra for it were obtained, all near the disk center 
For this reason, we analyze only one reference spectrum of this 
sunspot. During this observation, TRACE (Transition Region 
and Corona Explorer) obtained an image of the 1600 A passband 
at 00:32 on November 14, 2006. The sunspot image observed by 
TRACE is shown in panel (A) of Fig.|2] Also shown there is the 
approximate location of the SUMER slit. The SUMER instru- 
ment also scanned this sunspot region by using several typical 
TR lines (N iv, O iv. Si iv, O m ), and the relevant results were 
published in lTeriaca et al.l (|2008[) . Although the scans were com- 
pleted at different times, and a temporal variation may have oc- 
curred in the sunspot region, their Fig. 1 still provides an impres- 
sion of the TR emission from the sunspot and the surrounding 
plage regions. 



3. l-iydrogen Lyman line profiles 

Hydrogen is the most abundant element in the solar atmosphere 
and its resonance lines play an important role in the overall ra- 
diative energy transport of the Sun (Fontenla et al., 1988). 

Line profiles of the full hydrogen Lyman series can be ac- 
quired by SUMER at high spectral resolution. It has been found 
that the average profiles for Ly-j6 (n - 2) through Ly-e (n - 5) 
are self-reversed and stronger in the red horns, while the higher 
H Lyman serie s lines (frorn Ly-^ to Ly-/l, (« - 6, ■ ■ -,11) ) 
are flat-topped (IWarren et al.L [19911x13. 12001 IXia et alillool . 
Hi gher Lyma n lines obt ained near the limb were analysed by 
Ma rsch et all ( 1999) and lMarsch et al.1 (|2000|) . in which the au- 
thors found an increase in the line width with decreasing main 
quantum number and an unexpectedly flat hydrogen-temperature 
gradient. The Ly-a profiles in the quiet Sun were obtained by 
SUMER through several non-routine observations, by closing 
the aperture door of SUMER to reduce the inc oming photon flux 
to a 20%-level (iCurdt et all 120081; iTian et all |2009). The aver- 
age Ly-ff profile was found to be strongly reversed and have 
a stronger blue horn. It is believed that the opposite asymme- 
tries in the average profiles of Ly-o' and higher Lyman lines are 
probably caused by the combined effect of flows in the differ- 



ent la yers of the solar atmosphere an d opacity differences of the 
lines lOunar et all 120081; iTian et alll2009,) . 

The Lyman series are important for diagnosing the variatio n 
in the thermodynamic conditions in prominences ( Viall l2007h . 
Prominence thread models including multi-level non-LTE trans- 
fer calculations have shown that the profiles of Lyman lines are 
more reversed when seen across than along the magnetic field 
lines jHeinzel et all l2005l) . This behaviour was co nfirmed in a 
prominence observation bv lSchmieder et all ( l2007h . 

In sunspot regions, the Lyman line profiles exhibit proper- 
ties that are different from the average profiles. The sunspot atlas 
of SUMER reveals that the Lyman line profiles observed in the 
sunspot are almost not reversed (Curdt et al., 2001). However, 
the authors did not mention this phenomenon in that paper Here 
we extend this earlier work by analyzing four reference spec- 
tra of this sunspot obtained at different solar locations. Since the 
magnetic field lines in sunspots are almost vertical, we can use 
the 4 spectra to study the properties of the Lyman line profiles in 
sunspots and the dependence of their self -reversals on the orien- 
tation of field lines. 
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Table 1. Observational parameters of the 5 reference spectra of sunspots. 
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year 


date 


start time 


end time 


detector 


slit 


exposure time (s) 


x(") 


y(") 


e° 


1999 


Marcii 16 


13:09 


16:14 


A 


6 


90 


44 


-351 


22 




March 17 


19:48 


22:44 


B 


7 


90 


302 


-340 


28 




March 18 


17:35 


20:30 


B 


7 


90 


479 


-360 


38 




March 19 


13:58 


16:54 


B 


7 


90 


627 


-350 


49 
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November 13/14 


23:58 
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Fig. 1. Averaged profiles of Ly-2 (upper panels) and Ly-3 (lower panels) in the sunspot observed on 16th (6 = 22°), 17th (6 - 28°), 
18th (6 = 38°), and 19th {0 = 49°) of March in 1999. 6 is the heliocentric angle. 
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The Lyman line profiles in the four spectra are all not or only 
slightly reversed, similar to t hose in off-limb coronal hole obser- 
vations ( iMarsch et al.L 12000 ). This result suggests that the TR 
plasma of the sunspot is almost optically thin, regardless of the 
location where the sunspot is observed. Since it is known that 
the higher order Lyman lines are optically thinner than lower 
order Lyman lines, radiative transfer effects, if present, should 
be more pronounced in lower order Lyman lines than in higher 
order Lyman lines. Thus, we present only the Ly-2 and Ly-3 
profiles averaged over the sunspot (umbra) portion of the slit 
in F ig. [T] Note that there are some blends with the Lyman lines 
jCurd t et al., 2001). From an inspection of Fig. [1] it seems that 
profiles begin to reverse when the vertical field lines of the 
sunspot make an angle of about 49° with respect to the line 
of sight. This phenomenon seems to be similar to the observa- 
tional result for prominences, namely that the Lyman profiles 
are more re versed when seen acros s the field lines than along the 
field Unes (ISchmieder et all l2007h . However, from = 22° to 
- 38°, it is difficult to say whether or not there is a trend in the 
shapes of the top parts of the profiles. 

The sunspot observed in 2006 is a large one, and the SUMER 
slit also caught part of a sunspot plume and the surrounding 
plage region. Figure |2] shows the intensities of the continuum 
around 1045 A and of the O vi (1031.9 A) hne along the sHt, 
and the resulting curves clearly show the umbra, penumbra, and 
plage regions as well as part of the sunspot plume. In this paper, 
the term intensity is regarded as being equivalent to radiance. 



The sunspot plume shows enhanced radiance in typical TR lines, 
which corresponds to the slit segment with the highest intensi- 
ties of O VI in our reference spectra. We selected four portions 
of the slit, which are marked in grey in Fig. |2] and correspond to 
the umbra, penumbra, plage, and plume locations. The average 
Lyman line profiles (from Ly-2 to Ly-9) of the four parts are pre- 
sented in Fig. [3] F or the blends with the Lyman lines, we refer to 
ICurdt et aLlOOOll) . 

Our results show that the self-reversals of all the hydrogen 
Lyman line profiles are absent in the umbra and plume regions. 
The lower Lyman line profiles observed in the plage region are 
obviously reversed, a phenomenon similar to the normal quie t 
Sun (one can refer to the atlas presented in ICurdt et al.L I200l1) . 
The profiles in the penumbra are not so peaked as those in the 
umbra and plume, and not so reversed as those in the plage. We 
also note that the Lyman line profiles observed in the plage have 
a very strong red-horn asymmetry (the red horn is much stronger 
than the blue horn), which might be at least partly caused by 
the strong red shift observed in the TR. The asymmetries of the 
lower Lyman line profiles in the penumbra seem to be opposite 
to those of the plage, which might indicate a different pattern of 
flows in the upper atmosphere of the two regions. 

Unfortunately, so far SUMER has not been us ed to complete 
Ly-o' observations of the sunspot. We note that iFontenla et al] 
(1988) presented a Ly-a profile (see Fig. 12 in the paper) 
of a sunspot observed by the Ultraviolet Spectrometer and 
Polarimeter on the SMM (Solar Maximum Mission) spacecraft. 
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Fig. 2. The sunspot observed on 14th of 
November, 2006. (A) The SUMER slit is 
located on the image of the 1600 A pass- 
band of TRACE. The TRACE image was 
obtained at 00:32 on November 14, 2006. 
(B) The intensities of continuum around 
1045 A (solid line) and O vi (1031.9 A, dot- 
ted line) along the slit. Four segments cor- 
responding to the plage, penumbra, umbra, 
and sunspot plume are marked in grey. The 
O VI intensity has been divided by 600. 
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Fig. 3. The dashed, dot-dashed, dotted, and solid lines represent the average profiles of the Lyman lines (from Lyman-2 to Lyman-9) 
observed in the plage, penumbra, umbra, and plume for the 2006 data set. Note that the profiles of the umbra were multiplied by a 
factor of two. 



As mentioned in that paper, the emission suffered from geocoro- 
nal absorption. After correcting for this effect, their Ly-a pro- 
file seems to be flat-topped, which is very differ ent from the 
strongly reversed Ly- a profiles in the quiet Sun jCurdt et al.L 
l2008tlTianet"ani2009l) . 

The above results indicate that the opacity is strongly re- 
duced above the sunspot, with respect to the surrounding plage 
region. By analysing the emission lines of H 2 in the sunspot 
as wel l as the quiet Sun, [Jordan et aTl (Il978h and iBartoe et al] 
(II979I) concluded that the opacity over the sunspot is about an 
order of magnitude lower than in the quiet Sun. The different 
opacities above sunspots and plages are confirmed by the inten- 
sity ratio between Ly-a and Ly-p , which is about 200 in the 
sunspot umbra and 130 in the plage. In the sunspot, the profiles 
are only weakly absorbed. In the plage, the opacity is higher and 
thus the absorption is enhanced. Since Ly-a has a larger opac- 
ity, its absorption will be stronger than Ly-/3, which will lead 
to a lower observed value of the intensity ratio. However, we 



note that the Ly—a line was recorded on the attenuator, so the 
measurement of its intensity is highly uncertain and we do not 
consider it in detail here. 

Since the Lyman line profiles in the plage are quite simi- 
lar to those observed in the normal quiet Sun, we may expect 
a similar opacity in both regions. This similarity might be the 
result of the similar magnetic structures. In both regions, mag- 
netic loops reaching different heights are the dominant struc- 
tures. The emission sources of Lyman lines are located mainly in 
loops that reach the layers of chromosphere and TR. When the 
chromospheric Lyman line photons travel through the upper at- 
mosphere, they will be initially absorbed by the hydrogen atoms 
in upper-chromospheric and TR loops, and further absorbed in 
coronal loops. Since the density decreases and the temperature 
increases with height above the temperature minimum, there are 
more hydrogen atoms, and the absorption is much stronger in the 
upper chromosphere and lower- TR layers than at higher layers. 
In the plage region and quiet Sun, the Lyman line emission orig- 
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inates by a large fraction in the chromosphere and are strongly 
absorbed in the upper chromosphere and lower TR, leading to a 
strong absorption at the center of the Lyman line profiles. 

The scenario seems to differ in sunspot regions. The al- 
most Gaussian-shaped profiles suggest a weak absorption of 
the Lyman line emission. This observational result seems to fa- 
vor a scenario where there is less chromospheric plasma above 
sunspots, which might be the case because the sunspot is much 
cooler than the surrounding regions. In this case, the ratio of the 
chromospheric to TR contributions of the Lyman line radiation is 
lower in sunspots than in plage regions. As a result, the chromo- 
spheric emission will only be weakly absorbed because there is 
little absorbing material in the upper chromosphere. Moreover, 
the absorption of the TR emission is weak because of the lower 
density above the emission sources. 

Sunspot plumes often show greatly enhanced emission at 
upper- TR temperatures (~ 10^ and 10* K), while at lower 
or higher temperatures the emission is rather weak (e.g., 
iFoukal et alii 1 9741 iBrosius & Landill2005h . Sunspot plumes are 
frequently reported to be associated with TR downflows (e.g., 
[Marsch et al., 2004; Dammasch et al., 2008). Observational re- 
sults seem to reveal that plasmas at TR temperatures dominate in 
plumes. Thus, the ratio of TR to chromospheric contributions to 
the Lyman line emissions may be significantly higher in plumes. 
These plume loops are large in size (and far reaching) and the 
overlying corona is insufficiently dense to cause an obvious dip 
at the center of the Lyman line profiles. 

The above explanations are based mainly on a static strati- 
fied atmosphere. However, it is well known that the real solar 
atmosphere, especially the TR over sunspots, is rather inhomo- 
geneous and dynamic (Brynildsen et al., 1999a.b). It has been 
found that the Lyman line profiles can be modified b y TR flows 
in the quiet Sun (" Curdt et all 120081; iTian etani2009l) . In sunspot 
regions, both signific ant upflows and downflows have been fre- 
quent ly reported (e.g..' Kieldseth-Moe et al.L[r988HTeriaca et al.L 
120081) . Thus, we should not exclude the possibility that addi- 
tional eifects, such as the presence of velocities and radiation 
penetrating from the sides in the inhomogeneous plasma, may 
alter the source functions of the Lyman lines and also affect the 
Lyman line profiles. 

4. Electron densities 

Based on the assumption that the plasma is in ionization equi- 
librium, one can calculate th e electron density from line-rati o 
observations (for a review, see IXial 120031; I Wilhelm et an,l2004l) . 
Density-sensitive line pairs usually include two emission lines 
within the same ion. In the de-excitation process, the relative 
importance of radiative decay to collisional de-excitation is dif- 
ferent for the two lines. 

There are several density-s ensitive line pairs in the SUMER 
spectral range (Wilhel m et al.L [1995). However, some of these 
lines are either severely blended with other lines and difficult to 
decompose, or too weak for a reliable calculation. We selected as 
many lines as possible to calculate the densities for the sunspot 
observed in 2006. All of these line pairs have a weak depen- 
dence on the electron temperature. Fortunately, the few density- 
sensitive lines are close in wavelength, so that the effects of tem- 
poral variations on the measured densities are minimized. By 
applying the method of single- or multi-Gaussian fitting to the 
profiles of these lines averaged in the plage, umbra, penumbra, 
and plume, we were able to obtain the intensities. The theoretical 
relations between intensity ratios of line pairs a nd electron densi- 
ties were taken from the CHIANTI data base tDere et alii 19971; 



iLandi et aLll2006l) . The details of the line pairs and density cal- 
culations are listed in Table |2] Here Tf represents the formation 
temperature of the ion. We attempted to measure the electron 
density in all temperature regimes, but accurate measurements 
could only be carried out for the lower-temperature region; the 
available coronal lines allow us to derive only broad estimates. 
We assume a 15% uncertainty in the determination of the line in- 
tensities. This error finally propagates into the uncertainties for 
the densities listed in Table |2l 

The most accurate measurements are obtained in the transi- 
tion region from O iv and O v. The O iv 1401 . 16 A line is blended 
by the chromospheric line S 1 1401.51 A, and the O iv 1407.39 A 
line is blended with two second order O iii lines (703.845 A, 
703.85 A). However, both of these blends can be resolved by a 
two-component Gaussian fitting, and thus we are able to obtain 
rehable intensities of the O iv 1407.39 A and O iv 1401.16 A 
lines. 

The electron densities derived by using O v line pairs show 
a general consistency. In the plage and penumbra regions, the 
value of log(A^e/cm"^) is around 11, which is one order of 
magnitude larger than in the umbra and plume regions. The 
derived density i n the sunspo t plum e her e is consistent with 
those deriv ed by [ Doyle et alj d 19851) and iDovle & Madiarskal 
(l2003h . In iDovIe et al. (1985|), the autiiors used the ratio of 
O v 760 A/630 A obtained by the S-055 EUV spectrometer 
onboard Skylab and derived a density of log(A^e/cm"'') = 10. 
Doyle & Madiarska (2003) measured the density of the sunspot 
plumes observed by SUMER on March 18, 1999. By using 
the same O v line pairs as we did, they obtained a density of 
log(A^e/cm"-^) = 9.9. T he O v 759 . 43 lin e is suggested to be 
blended by S iv 75 9.34 (Curdt et al.','2001). However, the mea- 
surement of lDovle & Madiarska (2003) indicates that this blend 
should not be significant. Our result confirms this finding. 

The average umbra and plume densities derived by using 
the O IV line pairs seem to be higher than in the O v results. 
However, the differences are within the uncertainties. We found 
that the intensity of the plume part seen in O iv is not as strong 
as that seen in O v, which indicates that the strongest part of the 
plume emission might not have been caught by the slit, or that 
the plume was less prominent at the observation time of the O iv 
line pairs. By using the ratio of O iv 625 A/790 A from the S- 
055 sunspot plume spectrum. iDovle et al.l (ll985) derived a den- 
sity of log(A^e/cm"^) = 10.3, which is very close to our plume 
density at the same temperature. However, by using the line pair 
of O I V 625.8 A/554.5 A measured by CDS, Brosius & Landil 
(120051) derived relatively low values (log(A^e/cm~^) = 9.6 ~ 9.7) 
of plume density. However, the line of O iv 625.8 A was rather 
weak and blended with Mg x 624.9 A in the red wing, so the 
derived densities were highly uncertain. 

The C III and Si iii measurements only provide lower limits 
to the electron density. The C iii values agree with the TR values 
from the oxygen ions, while Si iii infers a higher density than 
the oxygen ions in the umbra and plume. This might suggest the 
presence of a significant density gradient in the umbra and in 
the plume from the chromosphere to the lower TR, which would 
indicate a decrease in the plasma pressure, if we calculate the 
pressure to be /? = A^e Tf. However, possible strong temperature 
gradients on one side, and opacity effects in the C iii and Si m 
on the other, cast huge uncertainties on the presence of a density 
and pressure gradient in the umbra and the plume. 

In the corona, Mg viii and Fe xii provide only very rough es- 
timates of or upper limits to the electron densities, which are 
consistent with almost any value measured in the corona in qui- 
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Table 2. Electron density (log(A^e/cm"^)) measurements, for the sunspot observed in 2006. 



Ion 



Wavelength pair (A) Tf (log K) Umbra Penumbra Plage Plume 



Sim 

Cm 

Oiv 

Oiv 

Ov 

Ov 

Ov 

Ov 

Mg vm 

Fexii 



1301.16/1298.96 
1175.98/1175.24 
1399.77/1401.16 
1407.39/1401.16 
758.68/761.13 
759.43/761.13 
760.43/761.13 
761.99/761.13 
769.38/782.34 
1349.43/1241.95 



4.68 
4.84 
5.18 
5.18 
5.37 
5.37 
5.37 
5.37 
5.90 
6.13 



1 1 1 +U.5 
^ ^-^-0.4 

>9.3 
I0.2*°i 
10 3+" '' 

10 1+''° 

-Si 

10.0!; 

10.0! i 

10.0!°:? 

< 12.0 

9 3+'-' 
^■■-'-i.3 



> 11.0 

> 9.3 

1 1 0+"" 

JQ 9+0.5 

10.9+11 

11.0! i 

11.2!°* 
10.9+III 

< 10.1 



> 9.2 

io-8!S:? 

11.0+°* 

11. 0+1! 



11. 0+; 

11. 0+! 



1 1 0+''"* 



< 10.2 



11 l+»-5 

> 9.4 

io.3+;;-^ 
10.4+0:* 
10 1+"^^ 

10.1+"' 

10.0: 

< 

< 7.6 



0.1 
11.9 



escent conditions. In this case, our SUMER dataset is unable to 
provide significant constraints. 

The umbra and plume densities derived here are similar to, 
or slightly larger than, the density of the normal quiet Sun, which 
has an upper limit of log(A^e/cm-^) = 9.87 at log(r/K) = 5.25 
in [G riffiths et al. (1999). A similar result is also obtained by 
iBrosius & Landi (.2005 ). in which the densities of plumes and 
quiet Sun areas are estimated to be around log(A^e/cm"^) = 9.6 ~ 
9.7 and log(A^e/cm"^) = 9.4, respectively, by using the same line 
pair of O IV 625.8 A/554.5 A as observed by the CDS instrument. 

By analyzing the EUV data obtained by the Harvard spec- 
trometer on the Apollo telescope mount, iFoukal et al.l (1 19741) 
measured a significant decrease in the gas density of the um- 
bra relative to the surrounding plage. Here we confirm this result 
by finding that the densities of the umbra and plume at TR tem- 
peratures are about a factor of 10 lower than of the plage. Our 
measurements seem to indicate that the sunspot plasma emitting 
at TR temperatures is higher and probably more extended than 
in the surrounding plage region. Since the density of the solar at- 
mosphere decreases almost exponentially with height above the 
photosphere, this scenario naturally leads to a much lower den- 
sity in the TR above sunspots, as compared to the TR above the 
surrounding plage. This scenario also implies that the sunspot 
TR temperature is much lower than the surrounding temperature 
at the same heights. Our scenario predicts a temperature struc- 
ture of sunspots as that proposed by Nicolas et al. ( 1982). Our 
conclusion is also consistent with that of iGuo et al.l (l2009b . in 
which the authors suggested that stronger magnetic fields corre- 
spond to higher formation heights of VUV lines. 

We note that this TR scenario is similar to that for a coro- 
nal hole, since the TR in the coronal hole is also fo und to be 
higher a nd more extended th an the TR in the quiet Sun jTu et al.L 
I2005allbt iTlan et al.L l2008allb ). The average Ly-/3 and Ly-3 pro- 
files in the coronal hole atlas are not reversed, a phenomenon 
similar to the sunspot, whilst th ey are obviously reversed in 
the quiet Sun (ICurdt et al.L 12001 '). Moreover, solar wind flows 
out along magne tic funnels in coronal holes (iTu et all l2005at 
lEsser et aU l2005b . and the signature of upflows associated with 
open field lines was also found in sunspots (Marsch et al., 2004). 
These results infer a similarity between the properties of the TR 
above sunspots/plages and the TR in CH/QS (coronal hole and 
quiet Sun). 

It was suggested that the do wnflow of TR plasma i s essen- 
tial to the existence of plumes ( Brvnildsen et all 120011 : iFoukall 
[T976I) . However, it remains debated wh ether this is achieved by 
siphon flows along far reaching loops ('B rvnildsen et al.L 120011: 
[Dovle & Madjarska, 2003; Brosius, 2005)) or by cooling and 
condensing coronal plasma falling downward along the "cold 
surface" of the plume (Noves et al.L 119851; iBrosius & Landil 



120051; iDam masch et al.'.'2008'). A siphon flow is possibly driven 
by a strong asymmetric heating and the resulting pressure dif- 
ference in two loop legs dMcClvmont & Craid, 119871: iMariskal 
Il988t ISpadaro et all Il991h . This type of flow may cause a blue 
shift in one leg and red shift in the other. Brvnil dsen et al.l (12001 1) 
concluded that the inflow of plasma at TR temperatures from lo- 
cations well outside the sunspots is a necessary requirement for 
the sunspot plume to occur. This h ypothesis seem s to be sup- 
ported by the observational result of' BrosiusI ( |2005|) . in which a 
significantly higher density (log(A^e/cm~^) = 9.8, compared to 
log(A^e/cm"^) = 8.9 in the plume, in an upflow region outside 
the sunspot was observed by CDS. toovle & Madiarskal (l2003h 
also measured higher densities (with log(Afe/cm"^) ranging from 
10.20 to 10.45) in nearby quiet regions (their QS i might be a 
plage region) than in the plume (log(A^e/cm"^) ~ 9.9), and sug- 
gested that the gas pressure difference might be sufficient to drive 
siphon flows from outside the spot into the umbra. Our measured 
densities in different regions also seem to support this idea. It is 
generally believed that sunspot plumes are associated with loops 
in which one leg is anchored in the umbra and the other anchored 
outside the sunspot, probably in the plage region. Our measure- 
ment shows that the densities at TR temperatures are one order 
of magnitude lower in the umbra and plume than in the plage. 
This pressure difference is certainly sufficient to initiate a siphon 
flow in the loop. 



5. Differential emission measure 

5.1. Method 

The plasma in the upper solar atmosphere can usually be as- 
sumed to be optically thin, although this assumption does not 
hold for the coldest ions observed in the SUMER spectra, such 
as neutrals and singly ionized species. In the optically thin case, 
the radiance of a line can be written as 



Gji(T,N^)N^dh, 



(1) 



where A^e is the electron density, h is the height of the emitting 
volume along the line of sight, and G ji{T,Ns) is the line contri- 
bution function. 

The contribution function includes all the atomic physics in- 
volved in the process of line formation, and can be computed as 
a function of temperature and density using spectral codes that 
include all the atomic parameters necessary to calculate the con- 
tribution function. In the present work we will use version 5.2.1 
of the CHIANTI database (Dere et al., 1997; Landi et al., 20061, 
the ion fraction dataset of Mazzotta et al. ( 1998), and the photo- 
spheric abundances of iGrevesse & SauvaL(1998i) . 



H. Tian et al.: Solar transition region above sunspots 



7 



The N^dh term beneath the sign of the integral on the right- 
hand side of Eq ([TJ includes plasma conditions involved in the 
process of line formation. It is an important quantity when study- 
ing the thermal structure of the solar corona and comparing pre- 
dictions from theoretical models with observations. When the 
plasma is multi-thermal and there is a continuous relationship 
between the amount of plasma and temperature, then Eq ([TJ 
can be rewritten by defining the Differential Emission Measure 
(DEM) function (f(T) as 

dh 

,iT) = Nl-, (2) 
Iji = ^ J Gji{T,N,MT)dT, (3) 

where the DEM indicates the amount of material in the plasma 
as a function of temperature. Several methods have been devel- 
oped to determine (piT) from a set of observed lines. Reviews 
of t he main examples of these methods ca n be found in 
iHm-i son & Thompson (1992) and iPhillips et al. (2008). In the 
present work, we use the iterative technique developed by 
iLandi & Landinil ( Il997h . In this technique, an initial, arbitrary 
(po(T) curve is first assumed. Corrections to this curve are calcu- 
lated by evaluating the ratio of observed line fluxes to theoretical 
values predicted using the (po(T) curve. Each correction cooiTgff) 
is associated with an efifective temperature Teft defined as 

jG(T,NM,(T)\ogTdT 

log Teff = — ^ — — . (4) 

/ G{T,N,)<po(T)dT 

A new (pi(T) curve is determined by first calculating the values 
of the new (pi{T) curve at the temperatures T^ff to be 

<Pl(Teff) ^ tpoiTeft) X Ci)()(Teff), (5) 

and then interpolating the results over temperatures to provide 
a continuous function. The resulting (p\{T) curve is then used 
as an initial DEM curve in the next iteration to calculate new 
corrections. The procedure converges when the corrections to 
the / - th DEM curve are all unity within the uncertainties. This 
technique reaches the final solution in just a few iterations, and 
the final result is independent of the initial arbitrary (poiT) curve. 

5.2. DEM curves 

We adopted an electron density of log(A^e/cm"-') = 10.0 for the 
umbra and the plume, and log(A^e/cm"'') = 11 .0 for the penum- 
bra and plage, to calculate the contribution functions to be used 
for DEM diagnostics. The DEM curves determined using the 
spectral lines listed in Table 5 are shown in Fig. H) To obtain 
those curves, it was necessary to complete an additional selec- 
tion of the spectral lines to be used, as well as to modify the 
adopted element abundances. 

When we applied the DEM diagnostic technique to all the 
listed lines at once, very large disagreements were found be- 
tween hnes of the same ion, and between lines of different ions 
with similar log Teg. These disagreements occurred in all four 
regions, and made it impossible to calculate a DEM curve for 
each region because 1) the correction curves cl>(T) never con- 
verged to unity and showed an oscillatory behavior, and 2) even 
when they were close to unity, the disagreements between dif- 
ferent ions and between lines of the same ion were so large that 
the resulting DEM curve was meaningless. 

The causes of these problems are probably numerous: atomic 
physics problems in the level population calculation within each 



ion; inaccurate ion abundances; opacity eff'ects (for the cold- 
est lines in the dataset); non-photospheric element abundances; 
or temporal variability. Opacity effects can be ruled out for all 
the listed lines, except for the strongest lines belonging to the 
ions formed at lowest temperatures. The intensities of all other 
cold lines are too weak t o pro vide significant self-absorption. 
Moreover, 'Brook s et al.l ([2000") ruled out opacity effects for 
many of the coldest ions, although they showed that there may 
be significant opacity effects for C ii and C iii. Atomic physics 
problems can be ruled out as the discrepancies between lines of 
the same ions are much larger than any effect of inaccurate colli- 
sional or radiative excitation rates. The same can be said for ion 
abundances, unless non-equilibrium conditions are present in the 
emitting plasma. The most likely cause of the problems that we 
encountered is the temporal variability of the plasma. Any tem- 
poral changes in the physical properties of the plasma directly 
affect our DEM results because the SUMER data were taken 
over several hours, and the transition region plasma is known 
to be changing even within a few minutes. 

To minimize the effects of temporal variability, we restricted 
our analysis to lines that were emitted within about 20 minutes. 
Since SUMER scans its wavelength range by shifting the ref- 
erence wavelength by fixed amounts from one exposure to the 
next, the selected time frame in our observations corresponds to 
120 A. The optimal spectral range including the highest number 
of lines and ions in the widest temperature range within 120 A 
for detector B is the shortest wavelength range of 670-790 A. To 
further sample the corona, we also included the two Fe xii lines 
1241.95 A and 1349.43 A, even though they are far apart from 
the selected interval. This choice makes some sense since coro- 
nal lines might experience less temporal variation than the TR 
ones, so they might still be representative of the corona. 

We have applied the DEM diagnostic technique to the lines 
observed between 670 A and 790 A in first order, and this 
time the solutions converged to the curves displayed in Fig. |4l 
However, there was one last correction necessary to determine 
the final DEM curves: the abundances of the low-FIP elements 
(those with a First Ionization Potential lower than 10 eV) needed 
to be increased by a factor of 10. This huge factor is 2.5 times 
higher than the the factor required by the normal FIP effect. This 
correction only affects the corona, since below log(r/K) = 5.7 
all the ions belong to high-FIP elements; in contrast, all coronal 
ions except Neviii belong to low-FIP elements. This correction 
was required to ensure agreement between results derived for 
the Mgviii and Neviii lines, whose temperatures of formation 
are very similar. It is important to note that Ne viii belongs to the 
lithium isoelectronic sequence. This sequence has been found 
to overestimate theoretical emissivities relative to those of the 
other elements, leading to EM and DEM measurements lower 
by a fa ctor ^ 2 than those of elements fo rmed at similar temper- 
atures (lDupreelll972l ; lLandi et aUl2002h . If we take this system- 
atic effect into account for Ne viii, the effective increase in the 
abundance of low-FIP elements is a factor of 5, much closer to 
the standard FIP effect com monly measured in the corona (i.e., 
iFeldman & Lamind ( l2000h ). 

All the DEM curves that we measured exhibited an enhanced 
peak at log(r/K) ^ 5.6 - 5.8, in the upper transition region. 
The only exception is the plume DEM, which peaks at lower 
temperatures, log(r/K) = 5.45. The peak of the plume DEM 
curve exceeds the DEM of other regions by one to two orders 
of magnitude at these temperatures. All the curves are able to 
reproduce the observed lines, but some scatter is still present 
among the measurements provided by each line. It is difficult 
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Fig. 4. DEM curves for the four regions. Top left: Umbra; Top right: Penumbra; Bottom left: Plage; Bottom right: Plume. 



to say whether the DEM curves have a coronal component be- 
yond log(r/K) - 6.0, because the restricted dataset of Unes we 
used does not include real coronal lines formed at temperatures 
higher than one million degrees. The only exceptions are the two 
Fe XII lines, but their contribution function has a low temperature 
tail that is strongly influenced by the colder plasma. Its emis- 
sion measure is so large, that the log T^ff of the Fe xn lines is 
lower than the temperature of maximum abundance for Fexii. 
The curves that we determined are compared with each other in 
Fig. |5] In absolute units (upper panel of Fig. |5]), the curves are 
rather similar, the only exception being the plume curve, whose 
peak is at lower temperatures. When normalized to their value 
at log(r/K) = 4.7, the slope of all four curves is approximately 
the same up t o log(r /K) = 5.0. This behavior was noted by 
iFeldman et al.l (l2009l) . If we approximate the DEM curves be- 
low log(r/K) = 5.0 as 



DEM = fl log r + 



(6) 



the slop e a of the DEM is similar to the values found by 
[Feldman et al.l ( |2009|) in coro nal hole, quiet Sun, and active re- 
gion spectra. We note that in iBrosius & Landil (l2005l) the DEM 
at lower temperatures (less than log(r/K) - 5.0) was poorly de- 
termined because of the lack of low-temperature lines. Our cal- 
culation includes some lines within this temperature range and 
thus can determine accurately the corresponding thermal struc- 
tures. At higher temperatures the normalized curves of umbra, 
penumbra, and plage are all similar but the relative heights of 



their peaks are different, the umbra DEM peak being higher than 
both the penumbra and the plage one. The plume peak is the 
highest of all, although it occurs at lower temperatures. 

The plume DEM c urve th a t we m easured and the one de- 
termined by fe rosius & Landil (l2005l) are compared in Fig. |6] 
Bro sius & Landil (i2005) measured the DEM of a plume in two 
different days, and found similar results: their DEM curves were 
broad and stretched in the entire 5.4 < log(r/K) < 6.0 tem- 
perature range. They also measured the DEM of the quiet Sun 
in both days, and those curves, with a very narrow peak in the 
log(r/K) = 6.1- 6.3 range, are also shown in Fig.|6]for compar- 
ison. The plume DEM we measured (solid line in Fig. ^ has a 
much narrower peak at slightly lower temperatures. One reason 
for these differences can of course be an intrinsic variability in 
the sunspot plume thermal structure. Unfortunately, to the best 
of our knowledge no other DEM measurements of plumes have 
been made, so this conclusion ne eds to be confirmed. An other 
cause of discrepancy might be that lBrosius & Landil (l2005h used 
CDS spectra to determine the curves in Fig. |6l In these spectra, 
many more lines formed at log(r/K) > 5.9 were present, so that 
the coronal component of the DEM was better constrained than 
in the present work. The presence of a larger coronal component 
than in our plume curve might alter the shape of the DEM at 
temperatures higher than log(r/K) - 5.8. In general, we can say 
that the main signature of sunspot plumes is a greatly enhanced 
DEM at transition region temperatures, while at log(r/K) < 5.0 
the slope of the DEM curve is similar to that of any other re- 
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Fig. 5. Comparison of the DEM curves from the four regions. 
Upper: Absolute values; Lower: Normalized values. 

gion in the Sun, indicating that the thermal structures across this 
temperature range are fairly similar. 

We have to mention that the density and DEM calculations 
are based on the assumption of ionization equilibrium. In the TR 
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with the strong temperature gradient and presen ce of significant 
flows, this assumption is not necessarily valid (IWilhelm et al.L 
|2004). This, as well as the inhomogeneity and variability of the 
TR plasma, might be important to the determination of elec- 
tron densities and DEM. However, recent investigations using 
3-D model indicated that the assumption of ionization equi- 
librium m ight not be too bad in the coron al and TR plasma 
(iPeter et a l., 2004, 2006). The calculations in lPeter et al] ( |2006|) 
showed that the ionization and recombination times are at least 
not (much) longe r and often shorter than the typical hydrody- 
namic timescales. iPeter et aTl (l2006h also found that flows with 
typical values of 10 km/s lead to a more shallow temperature gra- 
dient and thus help to maintain an ionization equilibrium. Thus, 
the approximation of ionization equilibrium in our study should 
not be too bad. 

6. Filling factor 

Although it is well known that the emission of sunspot plumes 
is greatly enhanced at TR temperatures, the reason for the en- 
hanced intensity remains unknown. 

Our measurement reveals a higher intensity in the plume than 
in the sunspot umbra, penumbra, and the suiTounding plage re- 
gion. The enhanced intensity cannot result from a higher density, 
since the derived TR densities of the plume are similar to those 
of the umbra and even much lower than those of the penumbra 
and plume. It might therefore be an effect of filling factor or tem- 
perature, or both. 

By using temperature-sensitive line pairs. lDovle et al.l(ll985l) 
derived the electron temperatures in sunspot plumes. They con- 
cluded that the ions are shifted to lower temperatures in the 
sunspot plume. In our reference spectra, we have no suitable 
temperature-sensitive line pairs that were observed simultane- 
ously. Thus, this conclusion cannot be examined. However, our 
DEM analysis clearly reveals that the emitting material of the 
sunspot plume is concentrated at lower temperatures (higher 
peak at low 7^, which is indicative of a lower plume tempera- 
ture, compared to that of the surrounding plasma. 

With the measurements of line intensities and electron den- 
sities, we are able to calculate the filling factor. As mentioned in 
iDere I (|2008|) . the observed intensity of a spectral line emitted by 
a coronal loop is 

^=tJ G{T,N,)N,NYidh, (7) 

where G{T), Ng, Nh, and dh represent the contribution function, 
electron density, hydrogen density, and the differential of the in- 
tegration, respectively. Based on the assumption of an isother- 
mal emission feature, we can evaluate the contribution function 
at its peak temperature Tmax- The ratio of the hydrogen density 
relative to the electron density is about 0.8 in a completely ion- 
ized plasma of cosmic composition (Landi & Landini, 1997|). 
Usually a loop is not completely filled with emitting plasma, 
thus a volumetric filling factor should be introduced to account 
for this. Taking into account these considerations, Eq dTji can be 
rewritten as 

I = ^GiT^,,,N,)NUL, (8) 

where / is the filling factor and L is the length of the integration 
path. 

We used four O v lines to determine the filling factor of the 
sunspot plume. The O v 774.51 A line is density independent, 
and the other three lines have been used to measure the electron 
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Table 3. The details of the filling factor calculations, for the 
O V emission of the sunspot plume observed in 2006. The 
units of /, A^e and G{T^i^^,Ne) are erg cm"^ s"' sr"\ cm^^ and 
erg cm""* s"' sr"', respectively. 



line (A) 


/ 


logA'e 




L(Mm) 


f 


758.68 


190.77 


10.12 


2.81 X 10-"" 


0.5 


0.096 










7.0 


0.007 


759.43 


154.72 


10.09 


2.15 X 10-"" 


0.5 


0.120 










7.0 


0.009 


761.99 


202.43 


10.03 


2.61 X 10-"" 


0.5 


0.160 










7.0 


0.012 


774.51 


44.19 


10.03 


5.54 X 10-"" 


0.5 


0.170 










7.0 


0.012 



Table 4. The ratios of the filling factors in the four regions, for 
the O V emission in the 2006 data set. 



line (A) 


ratio (umbra : penumbra : plage : plume) 


758.68 


70.8: 1.0:6.3:846.2 


759.43 


211.8 : 1.0 : 9.6 : 2058.8 


761.99 


114.3: 1.0:5.9: 1507.9 


774.51 


69.3 : 1.0 : 2.4 : 666.7 



densities. Table [3] lists the calculation details from Eq (O. Here 
the intensity refers to that averaged over the plume part along the 
slit and was converted into energy units by using the procedure 
of radiometry.pw in SSW (SolarSoft). The contribution function 
at its peak temperature Tmax is density dependent and was calcu- 
lated at the corresponding density from the CHIANTI database. 
The factor 1 /47r is included in the GiT^^,^, N^) calculation. 

It is difficult to estimate L. However, we may be able to pro- 
vide an upper and a lower limit to this parameter. In the case of 
ionization equilibrium, the major part of the O v emission comes 
from plasmas in the range of 5.2 < log(r/K) < 5.5. By using 
a new model of quiet-Su n chromosphere and transition region, 
lAvrett and Loeseil (l2008 l) determined the distribution of temper- 
ature with height. Using their results, the span of the plasma in 
the range of 5.2 < log(r/K) < 5.5 is around 500 km. We as- 
sumed this value to be the lower limit to L. Since plumes might 
be related to the high-arching loops observed in ARs (active re- 
gions), we may use the extension of the O v emission in cross- 
limb AR loop observations as the upper li mit to L. An exampl e 
of this type of observation can be found in lBrekke et al.1 (1 19971) . 
where the AR loop width is about 10". Thus, we adopted a value 
of 7 Mm as the upper limit. 

The derived filling factors turn out to be relatively large, 
which might explain the very strong TR emission of sunspot 
plumes. To compare the filling factor of the plume with those of 
other features, we can assume that the integration paths in vari- 
ous regions are the same, although this assumption might not be 
realistic due to a possible difference in their thermal and mag- 
netic structures. Again we obtained the average intensities of the 
four regions, and calculated G(rmax) at corresponding densities 
by using the CHIANTI database. The ratios of the filling factors 
in the four regions are listed in Table |4] 

The results show that the filling factor of the sunspot plume 
at TR temperatures is between one and three orders of magni- 
tude higher than for the surrounding regions. The difference is 
so large that it seems safe to conclude that the strong TR emis- 
sion of sunspot plumes is mainly the result of a large filling fac- 
tor. However, we should not exclude the possibility that other 
effects, e.g., the region emitting TR lines being much thicker in 



sunspot plumes, might also play a role in producing the strong 
emission. 



7. Peculiar lines in the sunspot 

As mentioned in our earlier paper (ICurdt et al.L l2000'). more than 
100 "peculiar" lines including several H2 lines are present in the 
sunspot reference spectra obtained on March 18, 1 999. These 
lines are also found in the sunspot atlas presented bv lCurdt et al.l 
(2001). Most of these lines are upper- TR lines with a tempera- 
ture range of 5.3 < (log(r/K) < 6.0, corresponding to 4 to 8- 
fold ionized species. Here we confirm that these "peculiar" lines 
are also present in all of the 5 analyzed data sets. These lines 
are weak or not observed in either the quiet Sun and or corona. 
Some of them may be present in streamer spectra. 

Many of these "peculiar" lines correspond to forbidden tran- 
sitions. Thus, we may speculate that an extremely low density 
might be responsible for their formation. However, as we men- 
tioned previously, the umbra and plume densities derived here 
are similar to, or slightly higher than the density of the normal 
quiet Sun. This means that the sunspot plasma density is not ex- 
tremely low and the above explanation is questionable. 

Through a visual inspection of the spectra analyzed here and 
several other sunspot reference spectra, we found that the "pe- 
culiar" lines seem more likely to be associated with plumes, 
rather than the umbrae. One possible reaso n why these lines 
are present in the umbra dCurdt et all 1200 1) is that part of the 
sunspot plumes are just located above the umbra and the sam- 
ple of the sunspot emission might be a mixture of the plume and 
umbra emissions. Since the plume emission is much stronger 
than the umb ra emission at TR temperatures, the average sunspot 
spectrum in ICurdt et al.l (1200 lb is dominated by the plume spec- 
trum. 

The reason why these "peculiar" lines are so distinctive in 
the sunspot plume is probably a combination of two effects. 
First, the plume emission is strongest at upper-TR temperatures. 
Second, the continuum emission of the plume is much weaker 
than that of the plage. 

We list these "peculiar" lines in Table 6. As an example, in 
Fig. [T] we show part of the spectra observed in the plage, penum- 
bra, umbra, and plume for the 2006 data set. We see that sev- 
eral forbidden fines (e.g., Mg vii 854.75 A, Mg vii 868.24 A, 
Ne VII 895. 19 A) become very prominent in the plume spectrum. 
Here, we also see in the umbra spectrum the enhanced forbid- 
den lines, which are not so enhanced as in the plume and might 
be due to contamination from the plume emission at the forma- 
tion temperatures of these lines. However, the strongly reduced 
continuum emission of the umbra may also cause the forbidden 
lines to be distinctive. 

T he H2 emis si on is extremely weak in the quiet 
sun (Sandlin et al.', T986^. It was also observed in flares 
(Bartoe et al., 1979) and microflares in the active region plage 
(Innes, 2008). In suns pot regions, the H2 e mission is dist i nctive 
and relatively stro ng ([Jordan et all 119781: ISchiihle et all 119991: 
ICurdt et all 1200 Ih . Several lines of the H2 Werner bands are 
within the SUMER spectral range. These lines are believed 
to be excited by resonance fluorescence through the strong 
O VI 1031.9 A line. In our data, the emission of these lines 
is clearly detected in the umbra and plume regions, which 
might be related to the reduced opacity above the sunspot. The 
O VI 1031.9 A emission is able to reach the chromosphere and 
excite the H2 lines if the opacity is low. 
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Fig. 7. Part of the spectra observed in the plage, penumbra, umbra and plume for the 2006 data set. The black, red, green and blue 
lines correspond to the plage, penumbra, umbra and plume spectra. 



8. Summary 

By analyzing sunspot reference spectra taken by the SUMER 
instrument, we have shown that the TR above sunspots has 
some distinctive properties compared to the surrounding plage 
regions. 

We have found that the hydrogen Lyman line profiles are 
not reversed in sunspots at different locations (heliocentric angle 
up to 49°) on the solar disk. The Lyman lines are also not re- 
versed in sunspot plumes. In the plage region, the lower Lyman 
line profiles are obviously reversed, a phenomenon also found 
in the normal quiet Sun. Line-pair diagnostics yields an electron 
density of log(A^e/cm"^) « 10.0 for the umbra and the plume, 
and X! 11.0 for the penumbra and plage, at TR temperatures. 
To explain these results, we suggest that the TR above sunspots 
is higher and probably more extended, and the opacity above 
sunspots is much lower than in the TR above plage regions. 

We also completed a DEM analysis for the sunspot observed 
in 2006. To the best of our knowledge, this is the first time that 
SUMER spectra have been used for the DEM diagnostics of a 
sunspot. The DEM curve of the plume is obviously different 
from those of other regions. It peaks at a lower temperature of 
around log(r/K) = 5.45, which exceeds the DEM of other re- 
gions by one to two orders of magnitude at these temperatures. 
At log(r/K) < 5.0, the slope of the DEM curve is similar in the 
four regions, indicating that the thermal structure in this tem- 
perature range is fairly similar everywhere in and around the 
sunspots. 

The reason why the plume emission is so strong at upper- TR 
temperatures has been investigated for the first time. Our calcu- 
lations seem to indicate that the enhanced TR emission of the 
sunspot plume is very likely to be the result of a large filling 
factor. 

More than 100 lines that are rather weak or not observed 
anywhere else on the Sun, are well observed by SUMER in the 
sunspot, especially in the sunspot plume. We propose that it is 
the combination of strongly enhanced emission at TR tempera- 
tures and reduced continuum cause these normally weak lines to 
be clearly distinctive in the spectra of sunspot plumes. 
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Table 5. List of lines used for DEM diagnostics. The values of intensities (in the unit of 
photon sr^^s~^arcsec~^) of the four regions are also shown. 



Ion 


-^063 


Transition 


log{T//K) 


Umbra 


Penumbra 


Plage 


Plume 


Cll 


903.590 


2s22p 2Pi/2 


- 2s2p2 2p3^2 


4.37 


1.924e+00 


1.018e+01 


4.125e+01 


4.625e+00 


Cii 


903.990 


2s22p 2p^/2 


- 2s2p2 2p^/2 




1.826e+00 


1.124e+01 


2.636e+01 


3.832e+00 


Cii 


904.140 


2sHp 


- 2s2p2 2P3/2 




5.342e+00 


2.528e+01 


8.981e+01 


l.OlOe+01 


Cii 


904.460 


2^2 2p 


- 2s2p2 2Pi/2 




1.106C+00 


9.160e+00 


2.566e+01 


3.981e+00 


Cii 


1036.340 


2s'2p 2Pi/2 


- 2s2p2 2Si/2 




2.527e+01 


9.625e+01 


4.045e+02 


3.452e+01 


Cii 


1037.000 


2s^2p 2P3/2 


- 2s2p2 2Si/2 




3.181e+01 


1.429e+02 


4.705e+02 


4.227e+01 


Cii 


1334.530 


2s''2p 2Pi/2 ■ 


- 2s2p2 2^3/2 




7.287e+02 


8.435e+03 


2.665e+04 


1.375e+03 


Cii 


1335.710 


2sHp 2P3/2 ■ 


- 2s2p2 2D5/2 




1.187e+03 


1.161e+04 


3.852e+04 


2.237e+03 


Cm 


977.030 


2s'^ ^So - 


2s2p iPi 


4.84 


5.350C+02 


2.381C+03 


9.698e+03 


6.622C+02 


Cm 


1174.880 


2s2p 


- 2p2 ap2 




3.734C+01 


1.693C+02 


9.485C+02 


4.486C+01 


Cm 


1175.240 


2s2p 3pg 


- 2p2 3pj 




3.090C+01 


1.371C+02 


8.754C+02 


3.823C+01 


C III 


1175.980 


2s2p 3Pi 


- 2p2 3pQ 




2.954e+01 


1.301e+02 


8.114e+02 


3.805e+01 


Cm 


1176.370 


2s2p 


- 2p2 3pi 




3.493e+01 


1.690e+02 


8.597e+02 


4.494e+01 


Cm 


690.530 


2s2p iPi 


- 2p2 iSo 




8.225e-01 


2.587e+00 


9.027e+00 


1.404e+00 


Nil 


1083.990 


2s22p2 3pg 


- 2s2p3 3Di 


4.43 


1.064e+01 


5.329e+01 


1.531e+02 


1.347e+01 


Nil 


1085.540 


2s22p2 3pi - 


■ 2s2p3 3Di,2 




9.890C+00 


6.396C+01 


2.255C+02 


9.610C+00 


Nil 


1085.710 


2s22p2 3p^ 


- 2s2p3 3D3 




4.385e+01 


1.719C+02 


5.054e+02 


5.968e+01 


Nil 


746.990 


2s2 2p2 ID2 - 


2s22p3s iPi 




4.308e-01 


1.559e+00 


4.913e+00 


9.306e-01 


N III 


684.990 


2sHp 2Pi/2 


- 2s2p2 2p3^2 


4.88 


1 (\^f\ 1 f\f\ 

1.970e+00 


A S\ 1 f\f\ 

4.252e+00 


1.770e+01 


3.062e+00 


Niii 


685.500 


2s22p 2pj/2 


- 2s2p2 2p^^2 




2.547e+00 


7.454e+00 


3.300e+01 


4.621e+00 


Niii 


685.790 


2s22p 2P3/2 


- 2s2p2 2P3/2 




7.789C+00 


2.054e+01 


8.704C+01 


1.334e+01 


Niii 


763.330 


2s22p 2Pi/2 


- 2s2p2 2Si/2 




1.822C+00 


6.381e+00 


2.865C+01 


4.770C+00 


Niii 


764.360 


2s22p 2P3/2 


- 2s2p2 2Sj^2 




2.803e+00 


9.623e+00 


4.852C+01 


7.042C+00 


Niii 


989.820 


2s22p 2p^/2 


- 2s2p2 2D3/2 




1.345e+01 


4.559e+01 


1.764e+02 


2.733e+01 


Niv 


765.150 


2s2 iSo - 


2s2p iPi 


5.15 


5.743e+01 


1.269e+02 


6.247e+02 


3.949e+02 


N V 


1238.820 


2s 2SI/2 . 


- 2p 2P3/2 


5.26 


1.858e+02 


5.114e+02 


2.296e+03 


1.093e+03 


Nv 


1242.800 


2s 2^1/2 . 


- 2p 2Pi/2 




8.740e+01 


2.233e+02 


1.046e+03 


5.191e+02 


On 


796.660 


2s22p3 2Pi/2,3/2 


- 2s2p4 2D3/2.5/2 


4.45 


1.531e+00 


3.672C+00 


2.705C+01 


5.133C+00 


On 


832.750 


2s2 2p3 4^3/2 


- 2s2p4 4p^/2 




3.860e+00 


1.599e+01 


5.618e+01 


8.631e+00 


On 


833.320 


2s2 2p3 iS-Afz 


- 2s2p4 4p3/2 




1.024e+01 


4.465e+01 


1.791e+02 


2.034e+01 


On 


834.450 


2sHp^ 4'S3/2 


- 2s2p4 4pg^2 




1.349e+01 


6.033e+01 


2.460e+02 


2.092e+01 


Oiii 


702.330 


2s22p2 -iP^ 


- 2s2p3 3pj 


4.93 


6.518e+00 


1.267e+01 


4.592e+01 


1.746e+01 


Oiii 


703.870 


2s22p2 3^1 - 


- 2s2p3 3p^ 2 




2.763C+01 


5.699C+01 


1.870C+02 


7.773C+01 


Oiii 


832.940 


2s2 2p2 3^0 


- 2s2p3 3Di 




7.761C+00 


3.194C+01 


1.661C+02 


4.104C+01 


Qui 


833.740 


2s22p2 S^'l - 


■ 2s2p3 3Di,2 




1.880e+01 


8.064e+01 


3.955e+02 


1.272C+02 


Cm 


835.090 


2s22p2 3P2 . 


■ 2s2p3 3Di,2 




6.567e+00 


2.925e+01 


8.284e+01 


2.850e+01 


Oiii 


835.280 


2s22p2 3^2 


- 2s2p3 3D3 




2.757e+01 


1.123e+02 


6.207e+02 


1.840e+02 


Oiv 


787.720 


2522p 2p^/2 


- 2s2p2 2D3/2 


5.18 


6.234e+01 


8.764e+01 


4.506e+02 


9.172e+02 


Oiv 


790.190 


2s22p 2p3^2 - : 


2s2p2 2D3/2,5/2 




1.291e+02 


2.000e+02 


1.032e+03 


1.990e+03 


Oiv 


1397.220 


2s22p 2p,/2 


- 2s2p2 4p3/2 




4.660C+00 


1.850C+01 


2.898C+01 


1.978C+01 


Oiv 


1399.770 


2s22p 2p^/2 


- 2s2p2 4p^/2 




1.378C+01 


6.094C+01 


1.703C+02 


8.864C+01 


Oiv 


1401.160 


2s22p 2p3/2 


- 2s2p2 4pg^2 




6.494e+01 


1.915C+02 


5.799C+02 


4.078e+02 


Oiv 


1407.390 


2s22p 2p3^2 


- 2s2p2 4p^^2 




1.629e+01 


5.708e+01 


2.056e+02 


9.552e+01 


O V 


758.680 


2s2p 3p^ 


- 2p2 3p2 


5.37 


1.126e+01 


1.565e+01 


9.466e+01 


1.829e+02 


O V 


760.210 


2s2p '^Pi 


- 2p2 3pj 




6.276C+00 


8.414C+00 


5.152C+01 


1.048C+02 


Ov 


760.430 


2s2p •^P2 


- 2p2 3p2 




3.441C+01 


3.935C+01 


2.673C+02 


5.590C+02 


Ov 


761.130 


2s2p '^Pi 


- 2p2 3p„ 




1.958C+00 


8.264e+00 


4.919e+01 


3.561C+01 


Ov 


761.990 


2s2p 3p2 


- 2p2 3pj 




1.165e+01 


1.446e+01 


9.213e+01 


1.973e+02 


Ovi 


1031.930 


2s 2Si/2 ■ 


- 2p 2p3/2 


5.47 


1.117e+03 


1.080e+03 


2.917e+03 


1.097e+04 


Ovi 


1037.640 


2s 2Si/2 - 


- 2p 2Pi/2 




4.819e+02 


4.710e+02 


1.456e+03 


4.477e+03 


Ne VII 


895.170 


2s2 iSo - 


2s2p 3pj 


5.71 


1.171e+01 


1.513e+01 


4.545e+01 


6.226e+01 


Ne VIII 


770.420 


2s 2Si/2 ■ 


■ 2p 2p3/2 


5.80 


1.202C+02 


1..398C+02 


3.742e+02 


2.751C+02 


Ne VIII 


780.300 


2s 2Si/2 ■ 


- 2p 2Pi/2 




6.699C+01 


7.310e+01 


1.958e+02 


1.600C+02 


Naix 


681.680 


2s 2Si/2 ■ 


- 2p 2P3/2 


5.93 


6.417C+00 


9.360e+00 


2.338e+01 


1.956C+01 


Mgv 


1324.590 


2s22p4 3pj 


- 2s22p4 iSo 


5.43 


5.103e+00 






2.056e+01 


Mgvi 


1191.680 


2s22p3 433^2 . 


- 2s22p3 2p^^2 


5.64 


5.339e+00 






8.800e+00 


Mgvil 


868.130 


2s22p2 3p2 


- 2s2p3 Sgj 


5.80 


6.372e+00 


7.056e+00 




4.244e+01 
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Table 5 — Continued 



Ion 


^oos 


Transition 


loeCT* /K) 


Umbrai 


PGimmbr 3. 


Plage 


PIumG 


Mgvili 


762.650 


2s22p 2p^^2 


- 2s2p2 4p3/2 


5.90 


9.264e-01 


2.151e+00 


4.827e+00 


2.160e+00 


Mgviii 


769.380 


2s22p 2pj^2 


- 2s2p2 4p^^2 




1.888C+00 






3.403C+00 


Mg viii 


782.340 




- 2s2p2 4p3^2 




5.775e+00 


6.189e+00 


1.091C+01 


l.OTOc+Ol 


Mgviii 


789.430 


2s^2p 2P3/2 


- 2s2p2 4p^^2 




2.818e+00 






4.980C+00 


Mg IX 


706.020 


2^2 iSo - 


2s2p ^Pi 


5.98 


7.680e+00 


1.195e+01 


2.852e+01 


1.813e+01 


Mg IX 


749.540 


2s2p iPi 


- 2p2 lD2 




1.534e+00 


2.893e+00 


8.098e+00 


3.214e+00 


Sim 


1206.510 


3^2 iSo - 


3s3p iPi 


4.68 


4.023e+02 


2.882e+03 


2.488e+04 


1.853e+03 


Sim 


1294.580 


3s3p ^Pi 


- 3p2 3p2 




5.451e+00 


4.369e+01 


2.681e+02 


1.926e+01 


Si in 


1296.770 


3s3p 3Po 


- 3p2 3p^ 




4.527e+00 


3.720C+01 


2.134C+02 


1.712C+01 


Sim 


1298.960 


3s3p 3 Pa 


- 3p2 3p2 




1.607e+01 


1.208e+02 


9.304C+02 


7.092C+01 


Sim 


1301.160 


3s3p 3 Pi 


- 3p2 3po 




3.316C+00 


3.012e+01 


1.898e+02 


1.488C+01 


Si IV 


815.050 


3p 2Pi/2 


- 48 2Si/2 


4.86 


1.086e+00 


4.641e+00 


1.105e+01 


3.598e+00 


Si IV 


818.150 


3p 2P3 ,2 


- 4S 2Si/2 




2.399e+00 


1.048e+01 


2.952e+01 


9.645e+00 


Si IV 


1128.350 


3p 2P3 ,2 - 3d 2D3/2,5/2 




1.399C+01 


5.594C+01 


1.893C+02 


3.883C+01 


Si IV 


1393.780 


3s 2Si/2 ■ 


- 3p 2p3/2 




4.358C+02 


3.648C+03 


1.580C+04 


1.468C+03 


Si IV 


1402.770 


35 2Si/2 ■ 


- 3p 2Pi/2 




2.270e+02 


1.785e+03 


7.347e+03 


7.370e+02 


Si VII 


1049.250 


2s22p4 3p^ 


- 2s2 2p4 iSo 


5.76 


2.474e+00 


2.128e+00 


3.247e+00 


1.895e+01 


Si IX 


676.490 


2s22p2 


- 2s2p3 5S2 


6.06 


6.827e-01 


1.047e+00 


3.022e+00 


1.750e+00 


Siii 


1015.500 


3s23p2 3pj . 


- 3s3p3 3^0' 1 


4.66 


6.887e-01 


2.669e+00 


8.193e+00 


2.039e+00 


Siii 


1015.770 


3s23p2 3pj 


- 3s3p3 3^2 




5.016e-01 


2.445e+00 


6.699e+00 


1.622e+00 


Siii 


1021.080 


3s23p2 3p2 


- 3s3p3 3^1 




4.251C-01 


2.649C+00 


6.981C+00 


1.149C+00 


Siii 


1021.300 


3s23p2 3p2 


- 3s3p3 3^2 




1.192C+00 


4.568C+00 


2.288C+01 


2.535C+00 


Siii 


1200.990 


3s23p2 3p2 


- 3s3p3 3^3 




5.086C+00 


1.990e+01 


1.845e+02 


1.516C+01 


Siv 


744.910 


3s23p 2p^^2 


- 3s3p2 2p3/2 


4.99 


5.552e-01 


2.153e+00 


1.169e+01 


5.060e+00 


Siv 


748.400 


3s23p 2p^^2 


- 3s3p2 2pj/2 




1.339e+00 


3.940e+00 


2.065e+01 


1.176e+01 


Siv 


750.220 


3s23p 2p3/2 


- 3s3p2 2p3/2 




2.766e+00 


8.431e+00 


5.318e+01 


2.622e+01 


Siv 


753.740 


3s^3p 2P3/2 


- 3s3p2 2p^/2 




8.233e-01 


2.544e+00 


1.245e+01 


6.416e+00 


Siv 


815.950 


3s^3p 2p3/2 


- 3s3p2 2Si/2 




1.936C+00 


6.155e+00 


2.438C+01 


l.Ollc+Ol 


Sv 


786.470 


3s2 iSo - 


3s3p iPi 


5.19 


2.781e+01 


4.254e+01 


2.257e+02 


5.116e+02 


Svi 


706.500 


3p 2Pi/2 


- 3d 2D3/2 


5.29 


1.020e+00 


1.667e+00 


2.746e+00 


5.460e+00 


Fex 


1463.380 


3s23p4(3p)3rf 4p^^^ 


- 3s23p4(iD)3(i 2F7/2 


5.98 


5.699e+01 


2.279e+02 


4.276e+02 


1.147e+02 


Fexii 


1241.950 


3s23p3 4S3/2 


- 3s23p3 2p3^2 


6.13 


3.325e+00 


2.596e+01 


9.015e+01 


1.098e+01 


Fexii 


1349.430 


3s23p3 


- 3s23p3 2pj/2 




1.605e+00 


1.551e+01 


5.158e+01 


8.580e+00 



Table 6. List of "peculiar" lines identified in SUMER spectra of the sunspot. A^i is the 
Einstein coefficient taken from NIST Atomic Spectral Database (Ralchenko et al.,2008) 
and Chianti Database (Dere et al., 1997;Landi et al., 2006). If available, unidentified lines 

are characterized by the temperature classification of Feldman et al.(1997) 
(a):Te < 3 X 10^ K, (b):Te ^ 3 x 10^ K, {c):T^ ?^ 4 x 10^ K, (d):6 x 10^ K < Te < 9 x 10^ K, 
(e):Te PS 1.4 x 10^ K, {i):Te Ri 1.8 x 10^ K. The line intensities are given in the unit of 
mW sr~^m~^. References in last column: (0) Curdt et al.(2001), (1) Ekberg & Feldman 
(2003), (2) Sandlin et al.(1986) (3) New identification. 



Ao6s (A) 


Line 


Intensity 


Transition 


Aki (s-i) 


Also seen in 


Reference 


668.41 


(e) 


0.31800 








streamer 





669.01 


Alix 


0.13913 


2s^2p 2Pi/2 


-2s2p2 4pg/2 


5.19e-02 


streamer 





670.02 


Alx 


0.23453 


2s2p iPi 


- 2p2 ID2 


1.57e-03 


streamer 





672.55 


7 


0.27117 













674.20 


? 


0.34224 













679.78 


Mgviil 


0.67506 


2s2p2 2p^^2 


- 2p3 ^D3/2 


6.81e+08 


weak in QS 





680.39 


Alix 


2.50337 


2s22p 2p^/2 


- 2s2p2 4p3/2 


3.84e+03 


weak in QS 





684.05 


Navi 


0.37180 


2s 2p'^ '^Da 


- 2s2p3 iPi 


7.28C-03 


streamer 


3 


686.43 


Fe VIII 


2.02066 




- 3p«4d 2Dg/2 


9.71C-01 




1 


688.72 


Fe VIII 


0.17972 


3p->3d^ 2P3/2 


- 3p64d 2D3/2 


1.08e-01 




1 


689.61 


Mg VIII 


0.81771 


2s2p2 2p3/2 


- 2p3 ^1)^/2 


7.51e+08 


weak in QS 





691.40 


Caix 


5.52513 


3s2 iSo 


- 3s3p 3Pi 


6.05e+05 


corona 





693.33 


? 


0.37120 













694.70 


Si IX 


6.12387 




- 2s2p3 5S2 


1.38e+05 


streamer 





697.14 


Fc viii 


4.56267 


3p64p 2p^^2 


- 3p64d 2D3/2 


2.00e+00 


weak in QS 


1 


707.72 


(c) 


0.26568 









708.44 


(c) 


0.29286 













709.21 


Ar V 


0.40630 


3s^3p^ ^Pi 


- 3s3p3 3p2 









712.89 


Svi 


4.34920 


2p63p 2p3/2 


- 2p63d 2D5/2,3/2 


8.10e+08 


weak in QS 





713.81 


Ar VIII 


4.92706 


2p^3s 2Si/2 


- 2p63p 2p^^2 


2.40e+09 


weak in QS 





714.79 


? 


0.22144 











715.65 


Ar V 


0.81987 


3s23p2 


- 3s3p3 3pj 




wealc in QS 





717.01 


? 


0.53082 








corona 





717.69 


FeViii ? 


0.31754 


3pHp 2p3/2 


- 3p*'4d 2D5/2 









719.35 


Six 


0.24769 


2p33p(2D)3F4 


- 2p33d(3D)3G5 


2.36e+09 


corona 





721.23 


Fe VIII 


8.42192 


3pHp 2Pi/2 


- 3p64d 2D3/2 


2.80e+00 


weak in QS 


1 


723.75 


Fc VIII 


0.65898 


3p64p 2P3/2 


-3p64d 2D3/2 


3.10e-01 




1 


725.11 


Ar V 


0.64130 


3s23p2 


- 3s3p3 ID2 




weak in QS 





728.11 


Fc VII 


0.41838 


3d4p 3D2 


- 3d4d 3F3 






1 


735.42 


Fe VII 


0.39913 


3d4p 3pj 


- 3d4d 3P2 






1 


736.71 


? 


0.78293 













738.87 


Fe VII 


0.80524 


3d4p 3P2 


- 3d4d 3P2 






1 


"740.03 


Fe VII 




3d4p IF3 


- 3d4d IG4 






1 


.740.11 


Ar VIII 




2p64d 2D5/2 


- 2p65p 2P3/2 









740.79 


Fe VII 


0.84513 


3d4p 3D3 


- 3d4d 3F4 






1 


741.14 


Fevil 


0.66444 


3d4p 3pj 


- 3ci4d 3p(, 






1 


745.38 


Fevil 


0.68352 


3ci4p 3f2 


- 3ci4d 3F2 






1 


747.37 


? 


0.55478 













749.01 


Fc vii 


1.15036 


3ci4p 


- 3d4d 3f3 






1 


750.58 


(a) 


1.38937 








streamer 





751.46 


(a) 


0.53180 








streamer 





752.51 


Fe VIII 


0.65775 


3p53d2 2p^/2 


- 3pHd 2D3/2 






1 


753.22 


Mgviil 


1.08143 


2s22p 2p^/2 


- 2s2p2 4Dg^2 


3.46e-02 


corona 


3 


754.93 


Ar VI 


4.15884 


3523P 2Pi/2 


-35 3p2 2D3/2 


2.80e+09 







756.71 


Al VIII 


0.87528 


2s22p2 3pj 


- 2s2p3 5S2 


3.00e+04 







757.15 


Fe VII 


2.65446 


3d4p 3F4 


- 3d4d 3F4 






1 


762.65 


Mg VIII 


1.77679 


2s'^2p 2Pi/2 


-2s2p2 4p3^2 


1.71e+03 


corona 





767.07 


Ar VI 


9.64480 


3s23p 2P3/2 


-3s3p2 2D5/2 


3.30e+09 


weak in QS 





769.38 


Mgviil 


6.67460 


2s^2p 2Pi/2 


-2s2p2 4pj/2 


7.29e+04 


corona 





772.26 


Mgviii 


43.7776 


2s^2p 2P3/2 


- 2s2p2 4p5/2 


5.67e+04 


corona 





776.62 


(b) 


3.69754 








streamer 





782.34 


Mg VIII 


7.38377 


2s22p 2P3/2 


-2s2p2 4p3/2 


1.61C+04 


corona 





784.52 


Fe VII 


2.02086 


3d4p ^Fi 


- 3d4d 3Si 






1 


789.43 


Mgviii 


5.96976 


2s^2p 2P3/2 


-2s2p2 4p^^2 


5.96e+04 


corona 





789.78 


Naviil 


4.45572 


2s2 ISo 


- 2s 2p 3p^ 


3.63e+04 
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Table 6 — Continued 



Aobs (A) 


Line 


Intensity 


Transition 




Also seen in 


Reference 


794.25 




1.28655 










3 


795.23 


(a) 


1.54914 








streamer 





7QQ 1 1 


Fe VII 


1. ( oOZU 


3d4p 3 Da 


- 3dAd 






1 
1 


son 


PI \JJ^ 
Vll 


z.yyuiD 


2p63s 2g^^^ 


- 2p63p 2P3/2 


9 1 7n.i..nQ 

z. 1 1 e-ruy 




n 
U 




Fc vn 


c; 081 7^^ 


3ci4p 


- 3d4ci SQa 






1 
1 






o.zDioy 








streamer 


n 
u 


OU^- ID 


F6 VII 




3d4p 


- 3d4d ^Gs 






1 
1 


811.55 


A/Tn \/TT 
IVlll V il 


1.67024 


3p64p 2P3/2 


- 3p64d 2D5/2 






3 


OlO.Ul 


Vll 


Z.^o / DO 


2p635 2g^^2 


- 2p63p 2Pi/2 


9 11 o-LOQ 

z. 1 le-puy 




n 
U 


OZl.ZO 


Pc TV 

ItC 


Q 8791 V 


3s 3p iPi 


- 3p2 ID2 


0. / ye-j-Uo 




U 


827.06 


Ar V 


2.10911 


3s^3p^ ^Pi 


- 3s3p3 3D2 


9 90p-U0Q 




Q 


QAQ 90 

0'y:y.zy 


O V 


A ni 087 
^.UlUo / 


3s 3p 3Pi 


- 3p2 3p2 


1 07r>-i_0Q 




n 
U 


OOZ. 1 ( 


O V 


o.oyoo'^ 


3s 3p 3p(, 


- 3p2 3Pi 


i.oue-j-uy 




u 


"854.71 


Mg VII 




2s22p2 3p^ 


- 2s2p3 


i.l4e+U4 







.854.80 


b V 




3s 3p '^P2 


- 3p2 3P2 


3.13C+09 







857.82 


S V 


2.94460 


3s 3p '^Pi 


- 3p2 3Po 


4.14e+09 







860.48 


S V 


6.74638 


3s 3p 3P2 


- 3p2 3pi 


1.71e+09 







868.13 


Mg VII 


44.0762 


2s22p2 


- 2s2p3 5S2 


2.90e-02 







872.12 


Na VII 


9.19926 


2s22p 2p3/2 


-2s2p2 4p5/2 


2.84e+04 







OYO.YO 


OlV i 


D. 17296 


2p^3s iPi 


- 2p53p iSo 


o.06e+09 


streamer 


3 


877.92 


Arvil ? 


7.16439 


3s2 iSo 


-3s3p 3pi 











Na VII 


3.85727 


2s22p 2p3/2 


-2s2p2 4p3^2 


7.77e+03 







885.33 


(b) 


5.53839 








streamer 





895.17 


Nc VII 


on o /I 

80.3477 


2s2 iSo 


- 2s2p 3Pi 


1.0ZC+U4 


weaJf in QS 





905.02 


Si vn 


8.35475 


2p33p 5p2 


- 2p^3d SD2 3 


1.22e+09 







944.34 


Si viil 


33.6785 




- 2s22p3 2P3/2 


TOO 1 "1 

7.23e+01 


weaJf in QS 





957.11 


O VI? 


1.59753 




streamer 





965.28 


(d) 


1.18173 








streamer 





yDD.D5 




U. 92318 













975.85 


(d) 


0.96417 








streamer 





997.21 


Ne VI 


11.5087 


2s22p 


-2s2p2 4p^^2 


1.18e+04 







998.05 




2.18132 













999.25 


Ne VI 




2s22p 2p3/2 


-2s2p2 4p5/2 


9.0oe+Uo 


weaJf in QS 





lUUO. ( y 


Nc VI 


OZ.OoZO 


2s22p 2p3/2 


-2s2p2 4p3/2 


z.yzc+Uo 




u 




Ne VI 


±2A947 


2s22p 2p3/2 


-2s2p2 4p^/2 


1 Ofip-l-04 




Q 


1011 61 


7 


1 '^lfi99 










n 


lUlZ .Uu 


? 


i.yu^uo 










n 
u 


1 m 88 

lUltJ.CSo 


? 


1 9fiai 1 

l.ZOOll 










n 
u 


1028 




3.54614 








D 111 COillld 





1049 25 


Si VII 


12.4464 


2s22p4 3p^ 


- 2s22p4 iSo 









1051 fiO 


O iii/2 


80QQ 


2s22p2 ID2 


- 2s2p3 iPi 


Q fiOp-l-OQ 







1 053 87 


Al VII 


4.47774 


2s22p3 433/2 


- 2s22p3 2p3/2 


3 IS0+OI 







1 056 81 


Al VII 


2.29385 


2s22p3 433/2 


- 2s22p3 2pj/2 


1.28e+01 


wpalc in OS 





1057.81 


Al VIII 


1.73163 


2s22p2 3Pi 


- 2s22p2 iSo 









1067.83 


O IV 


3.86110 


2s'^3d ^D5/2 


- 2^24/ 2F7/2 


3.33e+09 







'1087.86 


Ne iv/2 




2s22p3 ^83/2 


- 2s2p4 4p5/2 


2.50e+09 




3 


.1087.86 


Fe VII 




3d4s 


- 3rf4p 3pi 






1 


1095.37 


Fe VII 


3.09757 


3<i4s 


- 3d4p 3p2 






1 


1098.92 


? 


2.72720 













1106.70 


Oiv/2 


169.437 


2s22p 2p^/2 


- 2s2p2 2P3/2 


1.22e+09 


weaJf in QS 





1108.16 


Oiv/2 


195.290 


2s22p 2pi/2 


-2s2p2 2p^/2 


4.86e+09 


weak in QS 





1109.12 


Oiv/2 


685.028 


2s22p 2P3/2 


-2s2p2 2P3/2 


6.06e+09 


weak in QS 





1110.52 


Oiv/2 


132.044 


2s22p 2P3/2 


-2s2p2 2p^/2 


2.41C+09 


weak in QS 





1115.52 


Cax/2 


49.6308 


2pe3s 231/2 


- 2p63p 2p3/2 


3.50e+09 







1119.10 


H2 


113.679 


1 - 3Q3 (C-X) 









1125.66 


NeVi/2 


343.100 


2s^2p 2P3/2 


-2s2p2 2D5/2,3/2 


1.17e+09 


weak in QS 





1128.35 


Si IV 


36.3423 


2p63p 2P3/2 


- 2p63d 2D5/2,3/2 


2.53e+09 


weak in QS 
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Table 6 — Continued 



^063 


Line 


llibfcJliOltj' 


Transition 




btJcli 111 




1136.56 


Nev 


19.1372 


2s22p2 3pj 


- 2s2p3 5S2 


2.23e+03 


weak in Q3 





1136.82 


Nev/2 


47.5348 


2s22p2 


- 2s2p3 


7.11e+08 







1141.45 


Fe vii 


5.09396 


3d4s ^Ds 


- 3d4p 3F4 






1 


1144.28 


Nev/2 


15.2854 


2s22p2 3P2 


- 2s2p3 3Di 


2.88C+07 







1144.74 


Ncv/2 


101.738 


2s22p2 


- 2s2p3 ^£,3 


2.76C+08 







1145.66 


Nev 


33.2632 


2s22p2 3p2 


- 2s2p3 5S2 


6.38e+03 


weak in QS 





1148.06 


Cax/2 


23.1761 


2p63s 2Si/2 


- 2p63p 2Pi/2 


3.20e+09 







1149.59 


(d) 


1.34829 










3 


1155.01 


Fevil 


0.52653 


3<i4s 3D2 


- 3rf4p ^Fs 






1 


1163.85 


H2 


180.646 


1 - 4 Q3 (C-X) 











1165.74 


Caviii/2 


41.3746 


3s23p 2p^/2 


-3s3p2 2D3/2 


4.10e+09 







1166.22 


Fe VII 


2.91614 


3d4s 3Di 


- 3d4p 3F2 






1 


1170.18 


? 


10.1514 













1171.60 


Arvii/2 


84.1832 


3s2 iSo 


- 3s 3p iPi 


7.83e+09 







1189.84 


Mg VII 


27.2145 


2s22p2 3pj 


- 2s2 2p2 iSo 


3.62C+01 







1190.12 


Mg VI 


123.208 


2s22p3 433/2 


- 2s22p3 2P3/2 


1.21C+01 







1191.68 


Mg VI 


30.3776 


2s22p3 433/2 


- 2s22p3 2p^/2 


4.91e+00 







1199.21 


Sv 


91.5734 


3s2 iSo 


- 3s 3p 3Pi 


1.23e+05 


weak in QS 





1209.04 


H2 


121.340 


1 - 5Q3 (C-X) 











1218.34 


Ov 


2085.46 


2s2 i3o 


- 2s 2p 3Pi 


2.34e+03 







1251.48 


Siv 


7.48967 




- 2s22p53p 3D3 


9.59e+08 




3 


1251.76 


Siv 


4.77757 


2s'^2p''3p iPi 


- 2sHp^3p 3Pi 


3.96e+08 




3 


1254.11 


H2 


17.6018 


1 - 6Q3 (C-X) 











1257.24 


H2 


2.94243 


1 - sm (X-B) 








2 


1267.76 


Cavi/2 


14.2663 




-3s3p4 4P3/2 


5.00e+09 







1283.92 


Cavi/2 


29.4227 


Zs^Zp^ 433/2 


-3s3p4 4P5/2 


4.70e+09 







1285.47 


Siv 


2.21361 


2s22pS3s 3p|j 


- 2s^2p^3p ^Di 


2.67e+08 




3 


1285.68 


H2 


1.85936 


1-3P7 (X-B) 











1286.20 


Cav/2 


4.63060 


3s23p4 3pj 


- 3s 3p5 3pg 


9.10e+08 


weak in QS 





1286.43 


H2 


1.19117 


3 - 4P5 (X-B) 











1293.14 


Cav/2 


4.54793 


3s23p4 3p2 


- 3s 3p"'' 3p2 


6.90e+08 







1293.88 


Mgv 


0.69026 


2s22p4 3p2 


- 2s22p4 i3o 






3 


1314.67 


Siv/2 


20.7701 


3s23p 


- 3s^3d ^D3/2 


8.69e+09 


weak in QS 





1317.84 


7 


1.43195 













1319.76 


Sv/2 


9.49761 


3s 3p 


- 3s 3d 3D2,i 


4.87e+09 


weak in QS 





1322.84 


Siv/2 


34.1715 


3s23p 2P3/2 


- 3s23d 2D5/2,3/2 


1.03e+10 


weak in QS 





1324.59 


Mgv 


30.8036 


2s22p4 3p^ 


- 2s22p4 


2.15e+01 







1326.36 


Sv/2 


16.7918 


3s 3p 3p2 


- 3s 3d 3d3,2 


6.39e+09 







1338.57 


H2 


3.96306 


- 4P2 (X-B) 











1339.42 


Alv/2 


3.40516 


2s22p4(3p)3d 4F7/2 


- 2s22p4(3p2)4/ 2[4]7/2 






3 


1342.88 


Clvi/2 


6.51297 




- 3s 3p iPi 


6.32e+09 




3 


1343.64 


7 


4.24962 













1347.06 


7 


4.15148 













1348.79 


7 


2.67438 













1349.43 


Fexil 


10.4184 


3s23p3 433/2 


- 3s23p3 2pj/2 


1.93e+02 







1356.47 


H2 


2.37708 


- 4R7 (X-B) 











1360.78 


Alix/2 


8.19409 


2s'2p 2Pi/2 


-2s2p2 4p3/2 


3.57e+03 


weak in QS 





1364.87 


Nav 


1.65732 


2s22p3 433/2 


- 2s22p3 2p3/2 


4.16C+00 







1365.51 


Nav 


2.25491 


2s22p3 433/2 


- 2.s22p3 2pj/2 


4.16e+00 







1367.12 


Siii ? 


1.58489 


3s23p2 ID2 


- 3s^3p3d IF3 






3 


1371.32 


Ov 


164.349 


2s 2p iPi 


- 2p2 ID2 


3.36e+08 







1372.89 


Fevili/2 


3.83338 


3p83d2 2P3/2 


- 3p64d 2D5/2 


2.73e+09 




1 


1382.88 


Caix/2 


12.1.360 


3s2 i3o 


- 3s 3p ^Pi 


6.05e+05 


corona 





1385.74 


7 


1.51274 













1389.44 


Siix/2 


5.29982 


2s22p2 3p2 


- 2s2p3 5S2 


1.38C+05 


corona 





1394.28 


Feviii/2 


38.5647 


3p64p 2pj/2 


- 3p64d 2D3/2 


8.21e+09 




1 


1397.22 


Oiv 


20.9203 


2s22p 2p^/2 


-2s2p2 4p3/2 


3.75e+01 








- 7- 



Table 6 — Continued 



Ao6s (A) 


Line 


Intensity 


Transition 




A-ki (s j 


Also seen in 


Kererence 


1398.06 


Siv 


2.50008 


35^3^ 2p^^2 _ 3s3p2 


*P3/2 


1.05e+03 







1399.77 


Oiv 


91.5729 


2s^2p 2p^^2 - 2s2p2 


*Pl/2 


1.47e+03 


weak in QS 





1400.52 


Ar vin/2 


23.3320 


2vHs 2Si/2 - 2p63p 


^P3/2 


2.73C+09 


corona 





1401.16 


Oiv 


437.363 


Is^lp 2P3/2 - 2s 2p2 


^P5/2 


1.16e+03 


weak in QS 





r 1404. 79 


Siv 




35^3^ 2p^^^ _ 35 3p2 


*Pl/2 


6.39e+04 


wealc in QS 





L 1404.82 


Oiv 




25^2^ 2p3^2 _ 2s2p2 


*P3/2 


2.90e+02 


weak in QS 





1406.04 


Siv 


30.9620 


3s23p zpg^^ _ 35 3p2 


*P5/2 


5.13e+04 







1407.39 


Oiv 


80.3204 


2s22p ^Pj ,2 - 2s 2p2 


^Pl/2 


1.45e+03 







1412.10 


Mgix/2 


26.5676 


2s2 - 2s 2p 


9.04e+04 







1413.65 


? 


2.43612 













1416.93 


Siv 


19.6082 


3s23p 2p3^2 - 3s3p2 


*P3/2 


2.16e+04 







1423.86 


Siv 


5.75110 


35^3^ 2P3/2 - 3s3p2 


*Pl/2 


4.72e+04 







1425.42 


Svi/2 


11.0943 


2p63p 2pg^2 _ 2p63d 


^05/2,3/2 


5.20e+09 







1426.49 


Ha 


2.76212 


- 5 P7 ('x-b; 











1427.68 


Ar vni/2 


9.64131 


2p<53s 2g^^^ _ 2p63p 


^Pl/2 


2.40e+09 







1431.03 


H2 


3.33829 


1 - em (X-B) 






2 


1431.32 


Arv/2 


2.33605 


35^3^2 _35 3p3 


'P2.I 









1436.52 


(e)/2 


11.2925 













1439.11 


H2? 


2.37439 










3 


1442.54 


Fcviii/2 


13.2009 


3p64p 2p^^^ _ 3p64j; 


'D5/2 


2.80e+00 




1 


1444.09 


CO 


5.07571 


5 - ; Q31 (A-X) 








2 


1445.77 


Si VIII 


16.3185 


2s''2p' 433/2 - 2s22p3 2D3 


1.55e+00 







1446.12 


H2 


5.06184 


1-6P5 (X-B) 








3 


1453.08 


H2 


3.71507 


0-5P10 (X-B) 








2 


1458.14 


? 


3.33749 








weak in QS 





1477.77 


Fevii/2 


41.6691 


3d4p 3P2 - 3<i4d 3P2 






1 


1480.22 


Arviii/2 


179.944 


2p«4(i 2D5/2 - 2p''5p 


P3/2 









1482.36 


Fc vn/2 


37.2067 


3(i4p '^Pi 3(i4rf ■ 








1 



